With the wide use of lithium-ion batteries (LIBs), battery production has caused many problems, such as energy consumption and pollutant emissions. Although the life-cycle impacts of LIBs have been analyzed worldwide, the production phase has not been separately studied yet, especially in China. Therefore, this research focuses on the impacts of battery production and builds an energy-environment-economy (3E) evaluation system. Two battery factories in China were selected for an applied research. Case 1 annually produces 0.22 GWh lithium iron phosphate (LFP) batteries, while case 2 produces 0.024 GWh lithium nickel manganese cobalt oxide (NCM) batteries. The results demonstrate that electricity consumption per GWh LIBs production is 5.24 × 10 4 and 4.13 × 10 4 kWh for case 1 and 2, respectively. Major water pollutant emissions come from employees' lives, and domestic waste accounts for 82%-83% of the total waste. Material costs per GWh NCM battery are 2.77 × 10 5 yuan, which is more expensive than the LFP battery, whose cathode material is relatively cheaper. Moreover, the cradle-to-gate carbon footprints (CFs) of the GWh LIBs are 41392.17 and 32254.57 kg CO 2 eq. The lithium compounds are major contributors to carbon emission for two LIBs. Some measures such as cleaner production, scale expansion and increase of environmental protection investment can effectively promote the development of a 3E system for LIB factories. Sustainability 2019, 11, 6941 12 of 12 23. Messerli, B.; Grosjean, M.; Hofer, T.; Nunez, L.; Pfister, C. From nature-dominated to human-dominated environmental changes.
Introduction
As an important technical product that can effectively relieve the pressure of energy and environment, the green secondary battery, especially lithium-ion battery (LIB), has developed rapidly [1] . Because of long life, excellent performance and environmental benefits, LIBs have been widely applied in the consumer electronics and new energy vehicles since the products were introduced to market in 1991 [2] [3] [4] [5] . As the major consumer of electric vehicles, China greatly encourages the development of the LIB industry and produces more than half the LIBs in the world. By now, China is donating in the LIB market.
However, the mass production of LIBs forces us to seriously think about the energy consumption and environmental issues. Lots of studies have shown that there are still many challenges in battery production [6, 7] . In China, great efforts are needed to reduce greenhouse gas (GHG) emissions and improve environmental impacts from battery manufacturing [8] . For example, when CO 2 emissions are significantly large during the battery production phase, the life-cycle CO 2 emissions of battery electric vehicles tend to be bigger than that of internal combustion engine vehicles [9] . Although there are plenty of studies on these impacts of LIBs from the aspect of life cycle, it is still lack of the study focusing only on the battery production stage until now. In addition, it is very essential to research the LIB industry to make battery producers know the environmental loads of battery production and learn how to prevent some risks.
With the improvement of sustainability awareness, sustainable development of LIBs should focus on many aspects equally, such as energy, environment and economy. It is also necessary to think about the relationship of energy-environment-economy (3E) systems for green products. Though many scholars have conducted some studies focusing on 3E system for other products, there is no relative 3E analysis of LIBs. To evaluate the LIB production comprehensively, an evaluation system is constructed to analyze the 3E system for battery production and applied to Chinese battery factories.
Literature Review
LIBs have been gradually incorporated into the Environmental Assessment System with the improvement of a series of environmental standards. More and more studies concern battery's environmental performances and environmental risks. Life-cycle assessment (LCA) is an effective tool that considers overall environmental impacts from the aspect of life cycle and is widely used in comparing different products or technologies [10] . As an important means of environmental management, LCA has a unified international standard and diversified evaluation method system [11] . Allen and Steele proposed the LCA method for electric vehicle batteries in 1998, which provided a corresponding research basis for the LCA of other LIBs. More researchers started using this method to assess the life-cycle environmental impacts of LIBs. Some constructed inventories of different LIBs based on original data and compared the life-cycle impacts [12] [13] [14] . Others assessed the environmental impacts of LIBs at different boundaries, including cradle-to-gate, cradle-to-grave and grave-to-cradle [15] . Taking the assembly stage of low-output battery factory as an example, Dunn conducted a cradle-to-gate impact analysis on energy consumption and environmental loads [16] . Though battery production is the focus of these LCA studies due to the high energy consumption and environmental pollution, there is no comprehensive research only focusing on this phase and considering more research indicators, such as footprints. The footprint family is rarely used in LIB research, which refers to the carbon emissions and other impacts relating to human activities, including carbon footprint, water footprint and ecological footprint [17] .
Considering that LCA is a method of environmental management involving energy and material flow, scholars usually use it to evaluate the energy and environment systems for research products. However, it is also necessary to think about other aspects and the relationship of 3E systems. Energy-environment-economy research is used to restrict either economic development from the view of environmental protection or the use of resources with economic means. At present, many developed countries have listed the research results of 3E into their long-term development plans. Moreover, many scholars have done lots of work from different research perspectives. Lenzen selected a series of indicators of energy, environment and economy to analyze the 3E system of Australia [18] . Lazzaretto used the method of system analysis to evaluate the 3E system and estimate the treatment cost generated by industrial emissions [19] . Since the 1980s, China has also gradually formed a comprehensive research system of 3E to carry out more specific studies. However, a universal evaluation system that can unify the 3E system is needed to analyze the relationship of energy, environment and economy for LIBs.
To solve the above problems, this research constructs a relatively comprehensive 3E evaluation system and selects two typical battery factories in China for an applied research. In the results section, the research not only analyzes the 3E system's impacts of battery factories but also takes cradle-to-gate carbon footprints (CFs) of LIBs into account, which can provide a certain reference for the government and other battery factories. 
Materials and Methods

Research Framework
Overall, a 3E evaluation system of LIBs has been constructed to compare different battery production situations and LIB products. An applied research was conducted to analyze the general 3E development of the LIB industry in China. The research framework of the study is shown in Figure 1 .
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Battery production Considering the importance of battery production and popularity of battery products, a 3E evaluation system of LIBs was built to analyze several impacts of LIBs. Firstly, 3E analysis was applied to research the 3E system in battery production. There are six categories of indicators being researched here in the energy, environment and economy systems. The energy and environment systems mainly contain the direct electricity consumption and pollutant emissions in actual battery production, while variable costs and fixed capital were selected as total production costs to research the economy system. Secondly, carbon emission is an extremely important topic of interest in climate change, and it is necessary to research the carbon footprints of different LIBs to choose more lowcarbon products. Here the production of main raw materials and batteries' manufacturing processes were considered to compare cradle-to-gate CFs of different LIBs by LCA. CFs were calculated by the Considering the importance of battery production and popularity of battery products, a 3E evaluation system of LIBs was built to analyze several impacts of LIBs. Firstly, 3E analysis was applied to research the 3E system in battery production. There are six categories of indicators being researched here in the energy, environment and economy systems. The energy and environment systems mainly contain the direct electricity consumption and pollutant emissions in actual battery production, while variable costs and fixed capital were selected as total production costs to research the economy system. Secondly, carbon emission is an extremely important topic of interest in climate change, and it is necessary to research the carbon footprints of different LIBs to choose more low-carbon products. Here the production of main raw materials and batteries' manufacturing processes were considered to compare cradle-to-gate CFs of different LIBs by LCA. CFs were calculated by the method of IPCC in SimaPro and the Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) Model.
Finally, typical Chinese battery factories were selected for applied research to evaluate the main 3E impacts in actual LIB production. Here considering that China's LIB industry is mainly distributed in the Pearl River Delta region, the factories of different scale in this region are used for comparison. In this part, the production data are mainly from the Environmental Impact Assessment reports of factories and actual production surveys, while the list of raw materials is from the industry production in two battery factories. After collecting, classifying and standardizing a large amount of data, a 3E evaluation of LIBs was conducted to compare different battery factories and LIB products.
Research Methods
3E Analysis of Battery Production
Energy-environment-economy analysis usually refers to the comprehensive evaluation of the processes from the aspects of the 3E system, including raw materials production, manufacturing, use and waste disposal. The research mainly focuses on the battery production stage, where 3E research indicators are based on the actual production situation. A relatively comprehensive indicator system was formed after the classification of various indicators, as shown in Figure 2 .
3E impacts in actual LIB production. Here considering that China's LIB industry is mainly distributed in the Pearl River Delta region, the factories of different scale in this region are used for comparison. In this part, the production data are mainly from the Environmental Impact Assessment reports of factories and actual production surveys, while the list of raw materials is from the industry production in two battery factories. After collecting, classifying and standardizing a large amount of data, a 3E evaluation of LIBs was conducted to compare different battery factories and LIB products.
Research Methods
3E Analysis of Battery Production
Energy-environment-economy analysis usually refers to the comprehensive evaluation of the processes from the aspects of the 3E system, including raw materials production, manufacturing, use and waste disposal. The research mainly focuses on the battery production stage, where 3E research indicators are based on the actual production situation. A relatively comprehensive indicator system was formed after the classification of various indicators, as shown in Figure 2 . In terms of energy system, the major energy consumption is electricity, which is used for equipment operation and auxiliary energy consumption of employees' lives. Atmospheric environment, water environment and solid waste were considered in the environment system, and there are six environmental pollutants, such as NMP gas. Because there are some similar production chains consisting of electrode production, cell production and cell conditioning in different battery factories, production processes are assumed to be the same for two cases in this research [20] . To compare different factories, 1 GWh battery production was selected as the functional unit to perform the 3E analysis and LCA. The energy consumption or environmental impacts of battery production per GWh is represented by EE, which can be calculated by Equation (1) . The data of annual electricity In terms of energy system, the major energy consumption is electricity, which is used for equipment operation and auxiliary energy consumption of employees' lives. Atmospheric environment, water environment and solid waste were considered in the environment system, and there are six environmental pollutants, such as NMP gas. Because there are some similar production chains consisting of electrode production, cell production and cell conditioning in different battery factories, production processes are assumed to be the same for two cases in this research [20] . To compare different factories, 1 GWh battery production was selected as the functional unit to perform the 3E analysis and LCA. The energy consumption or environmental impacts of battery production per GWh is represented by EE, which can be calculated by Equation (1) . The data of annual electricity consumption or pollutant emissions are from actual production situations and are represented by E e . O is used to represent the annual output, whose unit is GWh.
In the economy system, battery production costs are mainly considered and are divided into fixed capital and variable costs. Both equipment investment and construction costs belong to the fixed capital. The service life of equipment and facilities is assumed to be 10 years, while variable costs contain materials costs, labor costs and energy costs. Referring to the study of Berg, the proportion of battery material costs in battery production is about 75% [21] , so materials costs are analyzed emphatically in this research. The materials' price comes from the market research and is assumed to be inelastic. At the same time, the indicators such as building area and number of employees are also compared to learn whether there are certain scale effects under different scale of factories.
Life-Cycle Assessment of LIB Products
LCA is a kind of typical tool that can analyze the characteristics of a product, which can be used to research the whole life-cycle processes including raw materials production, manufacturing, use and final disposition. The International Organization for Standardization (ISO) states that LCA can be divided into four phases: Goal and scope definition, inventory analysis, impact assessment and interpretation [22] . As a bottom-up calculation method, LCA has been widely used in micro-analysis. With the wide use of LCA, a lot of software (e.g., SimaPro, Umberto) with various databases and calculation methods is developed around world. In this research, LCA was used to analyze the environmental impacts of different LIB products. The research boundary is from cradle to gate, which mainly contains the processes of materials production and battery manufacturing. In both processes, there are some input flows of raw materials and energy, and some by-products and pollutions are discharged in the production of target products, as shown in Figure 3 .
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LCA is a kind of typical tool that can analyze the characteristics of a product, which can be used to research the whole life-cycle processes including raw materials production, manufacturing, use and final disposition. The International Organization for Standardization (ISO) states that LCA can be divided into four phases: Goal and scope definition, inventory analysis, impact assessment and interpretation [22] . As a bottom-up calculation method, LCA has been widely used in micro-analysis. With the wide use of LCA, a lot of software (e.g., SimaPro, Umberto) with various databases and calculation methods is developed around world. In this research, LCA was used to analyze the environmental impacts of different LIB products. The research boundary is from cradle to gate, which mainly contains the processes of materials production and battery manufacturing. In both processes, there are some input flows of raw materials and energy, and some by-products and pollutions are discharged in the production of target products, as shown in Figure 3 . The functional unit of LCA is 1 GWh battery production, and CF is selected as the impact indicator. CF is a kind of measurement of carbon emission and has been recognized by many international communities, which is mainly used for the assessment of environmental impacts caused by human activities [23] . Carbon dioxide equivalent (CO2eq) is usually used to represent CF and is equal to the amount of direct and indirect GHG emissions. Here CFmat stands for the CF of materials production and is calculated by the method of IPCC in SimaPro, as shown in Equation (2). Suppose there are m kinds of materials used for 1 GWh battery production, and the mass of required material n is Mn. EFn is the CF from the production of 1 kg material, n.
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Considering that there are few direct GHG emissions in battery production, indirect GHG emissions from the production of consumed energy are regarded as the CF of battery manufacturing. The functional unit of LCA is 1 GWh battery production, and CF is selected as the impact indicator. CF is a kind of measurement of carbon emission and has been recognized by many international communities, which is mainly used for the assessment of environmental impacts caused by human activities [23] . Carbon dioxide equivalent (CO 2 eq) is usually used to represent CF and is equal to the amount of direct and indirect GHG emissions. Here CF mat stands for the CF of materials production and is calculated by the method of IPCC in SimaPro, as shown in Equation (2) . Suppose there are m kinds of materials used for 1 GWh battery production, and the mass of required material n is M n . EF n is the CF from the production of 1 kg material, n.
Considering that there are few direct GHG emissions in battery production, indirect GHG emissions from the production of consumed energy are regarded as the CF of battery manufacturing. Electricity is the major energy consumption to consider in battery production, and the CF of its production can be calculated by the Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) Model to represent the CF of battery manufacturing.
Applied Research
Two battery factories in China were chosen as the research cases and named case 1 and case 2. Case 1 produces 0.22 GWh LIBs each year whose main products are LFP batteries. The LFP battery is a kind of LIB whose positive active material is LiFePO 4 , while case 2 annually produces 0.024 GWh NCM batteries. The positive active material of NCM battery is Li (Ni x Co y Mn 1-x-y ) O 2 . Major differences between the two batteries are cathode materials and the input ratio of battery components. Meanwhile, case 1 has 462 employees and covers the area of 32015 m 2 , while the case 2 has only 100 employees and Figure 4 to illustrate the 3E system of two factories vividly.
Case 1 produces 0.22 GWh LIBs each year whose main products are LFP batteries. The LFP battery is a kind of LIB whose positive active material is LiFePO4, while case 2 annually produces 0.024 GWh NCM batteries. The positive active material of NCM battery is Li (NixCoyMn1-x-y) O2. Major differences between the two batteries are cathode materials and the input ratio of battery components. Meanwhile, case 1 has 462 employees and covers the area of 32015 m 2 , while the case 2 has only 100 employees and covers the area of 1686 m 2 . Detailed situations of cases 1 and 2 are shown in Figure 4 to illustrate the 3E system of two factories vividly. For LIBs, there are five main components to make one battery, including positive electrode, negative electrode, electrolyte, separator and housing. For different batteries, the proportion of components and materials added is not exactly the same. To make the LIB products consistent with the actual battery production situation in 3E analysis, the mass of main battery materials consumed annually is based on the actual production inputs from the Environmental Impact Assessment reports of two factories, as shown in Table 1 . The research also assumed that the losses in battery production are negligible. Table 1 . The list of main materials in battery production.
Equipment and production
Name of the material Lithium iron phosphate (LFP) battery of case 1(t)
Nickel manganese cobalt oxide (NCM) battery of case 2(t) NMP 70 10 Lithium iron phosphate 200 0 For LIBs, there are five main components to make one battery, including positive electrode, negative electrode, electrolyte, separator and housing. For different batteries, the proportion of components and materials added is not exactly the same. To make the LIB products consistent with the actual battery production situation in 3E analysis, the mass of main battery materials consumed annually is based on the actual production inputs from the Environmental Impact Assessment reports of two factories, as shown in Table 1 . The research also assumed that the losses in battery production are negligible. 
Results and Discussion
3E Analysis of Battery Production
According to the system of 3E indicators, nine indicators of 3E system in battery production were obtained and calculated by industry survey. The specific indexes and calculation results are shown in Table 2 . The electricity consumption of battery production per GWh is 5.24 × 10 4 and 4.13 × 10 4 kWh for case 1 and 2, respectively. Though case 1 owns more production equipment, employees and investment than case 2, it did not save some to some extent. In aspects of air and water environment, the emissions of NMP, NH 3 -N and COD were considered. NMP gas is mainly from the evaporation of the NMP solvent in coating process and is relevant to the input ratio of battery materials, while COD and NH 3 -N are mainly from the domestic water discharged by employees' lives. For these pollutants, the emissions of case 2 are 84.8%, 63.7% and 18.0% of case 1. The reason why case 1 produces more air and water pollutants is that more NMP is used in the production of LFP batteries, and lots of employees use more water in their lives. For solid wastes, the domestic waste is 559.64 and 1260.00 kg for case 1 and 2, respectively, which is mainly from staff life and disposed of by the relative sanitation department. Ordinary industry waste is extremely scarce in case 1, which shows that case 1's disposal of industrial waste is more reasonable. Moreover, the two factories produced 17.0% and 8.9% hazardous waste, which consists of the waste materials and solvent in battery production. Hazardous waste must be processed reasonably by qualified companies or it will have a significant environmental impact in the future.
The factories spend 1.56 × 10 5 and 2.77 × 10 5 yuan for case 1 and 2, respectively, on the materials when they produce 1 GWh batteries, which is extremely related to the type of LIB. The production of NCM battery usually uses more expensive materials, such as cobalt and other metals. As for the capital investment, the costs are 9.10 × 10 7 and 10.42 × 10 7 yuan/GWh for case1 and case2, respectively. Though the scale of case 2 is far less than case 1 from the aspects of building area, number of employees and total investments, the costs of it are higher than case 1. The relationship between unit scale investment and environment protection investment shows that the two plants hold the same view on environmental protection. The proportion of green investment is 2.52% and 2.04% for case 1 and 2, respectively.
Research on the Relationship of 3E Systems
The relationship of different indicators in energy, environment and economy systems was also learned to think about how to improve the coordinated development of the 3E system. At first, pollutant emissions and costs based on unit electricity consumption were calculated to compare the situations of energy use in two factories, as shown in Table 3 . The results are shown in Figure 5 . The "+" represents that the relative impact results for this case are greater than the other, while "−" stands for the opposite. It reveals that the four impact results for case 1 are 92.87%, 143.36%, 34.75% and 68.70% of case 2. Except for water pollution, most of the environmental impacts and costs are smaller for case 1, which shows that case 1 use energy more reasonably. As for water pollution, the number of employees required for unit battery production may be the biggest reason for the high emissions of NH 3 -N and COD in case 1, which also indicates that the environmental awareness of staff is not strong enough, while case 2 pays less attention to the solid waste, which cannot be disposed reasonably. Domestic waste accounts for 82%-83% of the total waste and is the major contributor to solid waste for two factories. Case 2 also spends more money on material costs, which is caused by the high prices of raw materials for the NCM battery. Therefore, there seems to be some scale effects between two factories from the view of 3E analysis. Scale expansion of factories may be one of ways of improving the environmental impacts and reducing the production costs for battery factories. 3.03 × 10 -5 3.05 × 10 -2 3.36 × 10 -3 3.31 × 10 -3 6.72 2.54 × 10 3
The results are shown in Figure 5 . The "+" represents that the relative impact results for this case are greater than the other, while "−" stands for the opposite. It reveals that the four impact results for case 1 are 92.87%, 143.36%, 34.75% and 68.70% of case 2. Except for water pollution, most of the environmental impacts and costs are smaller for case 1, which shows that case 1 use energy more reasonably. As for water pollution, the number of employees required for unit battery production may be the biggest reason for the high emissions of NH3-N and COD in case 1, which also indicates that the environmental awareness of staff is not strong enough, while case 2 pays less attention to the solid waste, which cannot be disposed reasonably. Domestic waste accounts for 82%-83% of the total waste and is the major contributor to solid waste for two factories. Case 2 also spends more money on material costs, which is caused by the high prices of raw materials for the NCM battery. Therefore, there seems to be some scale effects between two factories from the view of 3E analysis. Scale expansion of factories may be one of ways of improving the environmental impacts and reducing the production costs for battery factories.
Air pollution
Water pollution Solid waste Production costs In addition, the economic analysis was also carried out to compare the 3E system for two battery factories. Energy consumption and pollutant emissions based on unit costs have been calculated to compare the capital utilization, as shown in Table 4 . The results of the comparison are shown in Figure 6 . In addition, the economic analysis was also carried out to compare the 3E system for two battery factories. Energy consumption and pollutant emissions based on unit costs have been calculated to compare the capital utilization, as shown in Table 4 . The results of the comparison are shown in Figure 6 . 6 . Energy consumption and environmental impacts of unit costs.
The four impact results for case 1 are 145.56%, 135.18%, 208.67% and 50.58% of case 2. Except for solid waste, most of the impact results are bigger for case 1, which reveals that the use of funds is not reasonable and unit capital input causes greater impacts on the energy and environment in case 1. To improve 3E development for battery factories, more capital should be inputted to the construction of environmental protection facilities and energy-saving facilities.
Life-Cycle Assessment of LIB Product
The processes of materials production and battery manufacturing are considered to compare the cradle-to-gate carbon emissions of different LIBs. The results are shown in Figure 7 . The four impact results for case 1 are 145.56%, 135.18%, 208.67% and 50.58% of case 2. Except for solid waste, most of the impact results are bigger for case 1, which reveals that the use of funds is not reasonable and unit capital input causes greater impacts on the energy and environment in case 1. To improve 3E development for battery factories, more capital should be inputted to the construction of environmental protection facilities and energy-saving facilities.
The processes of materials production and battery manufacturing are considered to compare the cradle-to-gate carbon emissions of different LIBs. The results are shown in Figure 7 .
The total CF of raw materials production is 1599.08 and 894.57 kg CO 2 eq for case 1 and 2, respectively, when producing 1 GWh batteries. The CF of lithium compounds is extremely high compared to other materials for the two batteries, which is 785.97 and 715.45 kg CO 2 eq. Due to the scarcity of lithium as a resource, the acquisition of it requires greatly complicated processes with lots of GHG emissions. The CFs of separator and graphite are also higher than other materials because of Sustainability 2019, 11, 6941 9 of 12 the high consumption in actual production. The CF percentage charts were drawn to reveal the main contributory material for GHG emissions, as shown in Figure 8 .
The processes of materials production and battery manufacturing are considered to compare the cradle-to-gate carbon emissions of different LIBs. The results are shown in Figure 7 . The total CF of raw materials production is 1599.08 and 894.57 kg CO2eq for case 1 and 2, respectively, when producing 1 GWh batteries. The CF of lithium compounds is extremely high compared to other materials for the two batteries, which is 785.97 and 715.45 kg CO2eq. Due to the scarcity of lithium as a resource, the acquisition of it requires greatly complicated processes with lots of GHG emissions. The CFs of separator and graphite are also higher than other materials because of the high consumption in actual production. The CF percentage charts were drawn to reveal the main contributory material for GHG emissions, as shown in Figure 8 . The CF of LFP material is nearly half the total CF for LFP battery, which is related to the input ratio of lithium compound and high carbon emissions of LFP production. The CF of separator accounts for 26%, while the CF of copper material and graphite account for 9% and 10%, respectively. For the NCM battery, the proportion of CF of lithium material is 67%, and the second biggest contributor is separator, whose proportion is 16%. The CF of copper material and graphite only account for 5% and 7%, respectively. In actual production, the CF of materials production may be very different because the material input and utilization situation are not exactly same, but effective measures should be taken to reduce the CF from the perspective of using more low-carbon materials and decreasing the carbon emissions of necessary materials' production for all the battery factories.
During the battery manufacturing process, the emissions from the electricity production is mainly considered because there are no direct carbon emissions. Referring to China's power generation scenario in the GREET model, the carbon emissions in battery production can be available. The results show that the CF of battery manufacturing is 39793.09 and 31360.00 kg CO2eq. Based on above results, the total cradle-to-gate carbon emissions of LFP battery production per GWh is 41392. 17 The CF of LFP material is nearly half the total CF for LFP battery, which is related to the input ratio of lithium compound and high carbon emissions of LFP production. The CF of separator accounts for 26%, while the CF of copper material and graphite account for 9% and 10%, respectively. For the NCM battery, the proportion of CF of lithium material is 67%, and the second biggest contributor is separator, whose proportion is 16%. The CF of copper material and graphite only account for 5% and 7%, respectively. In actual production, the CF of materials production may be very different because the material input and utilization situation are not exactly same, but effective measures should be taken to reduce the CF from the perspective of using more low-carbon materials and decreasing the carbon emissions of necessary materials' production for all the battery factories.
During the battery manufacturing process, the emissions from the electricity production is mainly considered because there are no direct carbon emissions. Referring to China's power generation scenario in the GREET model, the carbon emissions in battery production can be available. The results show that the CF of battery manufacturing is 39,793.09 and 31,360.00 kg CO 2 eq. Based on above results, the total cradle-to-gate carbon emissions of LFP battery production per GWh is 41,392.17 kg CO 2 eq, while the NCM battery's is 32,254.57 kg CO 2 eq. As a result, the battery manufacturing stage is the major contributor to carbon emissions. The battery factories should take some steps to reduce the GHG emissions by consuming less power in production. For China, it is very necessary to implement the low-carbon electricity production and use more renewable energy in power generation.
Conclusions
To evaluate the production of LIB products comprehensively, an evaluation system was built to analyze the relationship of energy, environment and economy systems. As the major producer of LIBs, China was selected for an applied research by comparing different battery factories and LIBs. Based on above research results, the following conclusions are drawn:
(1) In the phase of LIB production, the electricity consumption of battery production per GWh in two factories is 5.24 × 10 4 and 4.13 × 10 4 kWh. Major water pollutant emissions come from employees' lives, and domestic waste accounts for 82%-83% of the total waste. The improvement of staff's sustainable awareness is extremely necessary in reducing the environmental pollution in battery production. Material costs of NCM battery are 2.77 × 10 5 yuan/GWh, and it is more expensive than the LFP battery, whose cathode material is relatively cheaper. For battery production factories, it is very important to reduce the battery production costs and enhance its environmental quality by implementing cleaner production. (2) In the research on relationship of 3E systems, case 1 performs better in pollutant emissions and costs based on unit electricity consumption. There are some scale effects between the two factories, which shows that scale expansion of battery factory may be one of the ways of improving the environmental impact and reducing costs. However, when considering energy consumption and pollutant emissions based on unit costs, most of the impacts are bigger for case 1, which does not utilize funds well. To improve 3E development for battery factories, more capital should be put into the construction of environmental protection facilities and energy-saving facilities. (3) The cradle-to-gate CF of the two batteries is 41392.17 and 32254.57 kg CO 2 eq when producing 1 GWh batteries, which is related to carbon emissions in the production of raw materials and electricity. The CF of lithium compounds and separator are extremely high compared to other materials for two LIBs. Using low-carbon materials and reducing the GHG emissions in materials production are efficient paths to decrease the CF of materials production. Moreover, the battery manufacturing stage is the major contributor to carbon emissions. It is very necessary to implement the low-carbon electricity production and use more renewable energy in power generation.
Considering some limits of 3E analysis itself and difference of battery indicators, the research still cannot evaluate the impacts of 3E system in battery production roundly. It is hoped that more scholars will carry out in-depth 3E research on LIBs in the future.
